Analytical and intra-and inter-individual components of variation were assessed over a 40-week period in 15 apparently healthy subjects, seven men and eight women, for serum creatinine, urine creatinine expressed in both concentration and output terms, and creatinine clearance, both uncorrected and corrected to standard surface area of 1·73 m 2 • Serum creatinine, even when considered separately for men and women. has marked individuality, and conventional population-based reference ranges are consequently of limited value. In contrast, urinary creatinine and creatinine clearance have less individuality, and reference ranges are more useful. Desirable analytical standards are not attained for serum creatinine assays, but are achieved for urine creatinine and clearance determinations. Creatinine clearance is, therefore, the favoured first-line test for initial assessment of patients. However, the small critical difference required for two serum creatinine results to be significantly different, and the comparatively large critical difference for clearance, make serial serum creatinine assays more useful for monitoring individuals.
There has been much controversy recently regarding the clinical value of creatinine clearance estimations. It has been argued' that assessment of glomerular filtration rate can be performed with greater accuracy and precision by plasma creatinine assays, and that creatinine clearance is a redundant investigation. In contrast, creatinine clearance has been alleged' to be the simplest, cheapest and most useful measure of renal function. Considerable debate on these divergent points of view has ensued. 3. 4 Much of the debate has been concerned with the standards of analyses of serum and urine creatinine, the usefulness of population-based reference values, even when stratified according to gender and age, and the assessment of the significance of changes in serial results obtained on an individual. These questions can only be objectively answered by consideration of analytical, intra-individual and interindividual variation. Although there are many Correspondence: Dr C G Fraser.
data on the components of biological variation of serum creatinine." b there are only two studies on urine creatinine" II and one on the creatinine clearances of two male individuals."
As a result of studies being performed on long-term biological variation,s. 10 the opportunity arose to examine analytical, intraindividual and inter-individual variation of serum creatinine, urine creatinine, and creatinine clearance in men and women, and the implications of these data for the interpretation of results and patient care.
Subjects and methods
We studied 15 apparently healthy members of the laboratory staff (seven men and eight women, aged 20 to 53 years). All were familiar with the problems of collection of timed urine specimens, but strict instructions were reiterated. The subjects maintained their usual lifestyles, and none were taking therapeutic drugs.
Each individual collected a 24-h urine specimen (into 50 mL concentrated HCL, 3 mol/L) at 4-weekly intervals over 40 weeks. The urine specimens were carefully weighed, and, after each collection, an aliquot was stored deep frozen at -20"C until analysis.
During each collection, a 10 mL specimen of venous blood was taken. In order to minimise pre-analytical variance, the specimens were collected from seated subjects between 0900 and 1000 h, with minimal stasis, generally by a single phlebotomist. Each specimen was allowed to clot, centrifuged at 3000 g for 15 min, and the serum separated, and stored at -20"C until analysis.
Serum creatinine was assayed with a Technicon SMAC continuous-flow alkaline picrate with dialysis method (Technicon Instruments Corp., Tarrytown, NY 10591, USA) using Technicon reagents. Urine creatinine was measured with a Technicon RA-looo random access analyser using direct alkaline picrate colorimetry with Technicon reagents.
In order to minimise analytical variation, the following strategies were adopted. For the serum specimens, all were thawed when the collections were complete, the specimens were centrifuged to ensure clarity, assayed in a single run on the SMAC analyser, randomised, and reanalysed in a second single run. For the urine' specimens, the set of specimens from each single subject was allowed to thaw, analysed in a single run, randomised, and reanalysed in a second single run. One analyst performed all the assays, and the same batches of reagents were used throughout.
For serum and urine creatinine (expressed both as concentration and output), analytical variance (SDA2) was calculated from the differences between the duplicate results for each specimen (SDA2='1:.d 2 /2N , where d is the difference between duplicates, and N the number of paired results). For creatinine clearances, SD A was calculated from the formula:
To correct creatinine clearances for surface area, each subject was asked their height and weight, the surface area calculated from a nomogram, II and results multiplied by 1·731 calculated surface area. The variance of the set of first results for each subject was used to calculate the average intra-individual variance (SDl) by simple subtraction of SDA 2 from the observed dispersion (equal to SD,2+SD A 2). After calculating the overall variance of the set of first results for all 15 subjects, we subtracted SD,2+SD A 2 to determine the inter-individual variance (SD 0 2). Where men and women had statistically significantly different mean results (indicated by the r-test), results were calculated separately for the whole group. men and women.
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Results
Men and women had means which were not statistically identical for serum creatinine (t=2'8; O·02>P>O·OI). urine creatinine expressed as output (t=10·9; O·OOI>P), and creatinine clearance uncorrected for surface area (t=5·6; O·OOl>P); results were. therefore, calculated for these quantities separately for the whole group, men and women. The overall mean values, and coefficients of variation of the analytical. intra-individual and inter-individual variation are shown in Table 1 . Also shown are the indices of individuality, 12 which are calculated as the ratio SOI/SOG, and 
Discussion

REFERENCE RANGES
As clearly shown in Fig. 1 , serum creatinine has a high degree of individuality, and the intraindividual variation around the homeostatic setting point of each individual is significantly less than inter-individual variation. This means that the usefulness of conventional populationbased reference ranges is .limited. For most individuals, the reference range will contain more than 95% of their values; More importantly. comparison of a single result in an individual with such a reference range may be misleading; for example, an individual who has a serum creatinine which usually varies from 59-67 ",moVL will have undergone a significant change if the serum creatinine rises to 95 umol/L, but this concentration would be conventionally said to be 'normal', and likely either ignored or alleged to demonstrate absence of pathology. Harris'P has proposed that the ratio of SD,/SD G be termed the 'index of individuality' and when this is less than 0,6, as is the case for serum creatinine (0'29), conventional refer-ence ranges are of limited use. It has been widely stated': 2 that, for serum creatinine, separate reference ranges are required for men and women. We have confirmed here that the mean serum creatinine concentrations are different, but even when men and women are considered separately, the indices of individuality, although higher than that for the whole group, are still below 0·6. In contrast, as demonstrated in Fig. I , urine creatinine is not different in men and women when considered in concentration terms. It is, however, different when calculated in output terms as clearly shown in Fig. I, and reference ranges for men and women will be useful because the indices of individuality (1·42 and 1·83, respectively) are greater than the t·4 considered'< to be the critical value. In contrast, a non-stratified reference range for the whole population will be of limited usefulness. since the index of individuality is 0·46.
Creatinine clearance is also different in men and women (Fig. 2) , and again the indices of individuality rise when the genders are considered separately. This implies that separate reference ranges are required for men and women. This requirement is negated, however, when creatinine clearance is corrected for surface area, and a single non-stratified reference range will be of some value since the index of individuality is 1·01.
Therefore, from considerations of the intraand inter-individual variation of serum and urine creatinine and creatinine clearance, creatinine clearance would appear to be simpler to interpret than serum creatinine if conventional population-based reference ranges are used, particularly if corrected for surface area, when a single range can be used for both men and women.
ANALYTICAL ASPECTS
The current view is that the desirable precision of analysis should be based upon intraindividual biological variation 13; the analytical coefficient of variation (CV) should be equal to or less than half the intra-individual biological variation. For serum creatinine, the whole group has intra-individual CV of 4· t 'Yo, implying that analytical precision should be equal to or less than a CV of 2·0%. This figure is of the same order as that found in previous studies on healthy individuals.P: 6 However, this is not generally attainable with current methods, techniques and equipment, and, as recently stated by Spencer;" the state of the art of creatinine measurement is still a long way from that required. One important sequela is that, since analytical variation contributes to the magnitude of the reference range, the less imprecise the methodology used, the more limited will be the usefulness of populationbased reference ranges.
In contrast, urine creatinine output, which has been known for many years 15. II, not to be the often stated or implied constant, was found in this study to have intra-individual CV of t I·()% in males, 15·7% in females, and 13·()% in the whole group. This is less than that found by Shephard et af' for 10 healthy young men. This implies that an analytical CV of 6·5% is required; this is easily achieved in current practice. It is important to note, however, that the quoted intra-individual variation is not only due to biological factors, but also to the pre-analytical factor of the completeness of urine collection and the imprecision of urine volume measurement. Under the most stringent conditions, when eight young men were confined to a calorimeter and fed a diet constant in meat, the average intra-individual variation was 4%? This suggests that urine creatinine analyses should have CV of 2% or less; this was achieved in this study and should be generally attainable in current practice. However, it is unlikely that such imprecision will be required in clinical biochemistry laboratories because most studies II! in well-motivated subjects have shown intra-individual variations which ranged from 5 to 13%, implying that an analytical CV of 4·5°/., will be acceptable.
For creatinine clearance, the smallest intraindividual variation is found in men, and our data are very similar to those found for the two healthy male subjects studied by Rosano and Brown.') An analytical precision of CV of 5·6% is required at worst; this again is attainable by laboratories, although the caveats stated above for urinary creatinine are also applicable to clearance, and it can be calculated that the realistic goal for imprecision is a CV of 4·8%.
Thus, from an analytical point of view, the current imprecision achievable does meet analytical goals for analyses of urine creatinine and creatinine clearance, but not for serum creatinine. These considerations favour the use of creatinine clearance over serum creatinine.
SIGNIFICANCE 01' CHANGES
For two serial results in an individual to be different, the numerical change must be greater than 2·77 (SD A 2+SDNI.!.
These data, which have been termed critical differences," shown in Table 1 , indicate that, to be 95% confident of a change in renal function, two creatinine clearance measurements must differ by 35-45%. In contrast, a change of 14-15% in serum creatinine will be significant. Thus, changes in the serum creatinine will better reflect true changes in an individual.
OVERALL CONCLUSIONS
From consideration of these data on analytical, and intra-individual and inter-individual variation of men and women, and their consequences on reference ranges, standards of analytical performance and critical differences, a sensible strategy proposed for adoption is as follows: (I) in the initial assessment of the individual, creatinine clearance be assessed and the single result compared with either (i) appropriate reference ranges for men or women or (ii) a single non-stratified reference range if the result is corrected for surface area; (2) to follow the individual, measure sequential serum creatinine concentrations. The answer to the question of whether serum creatinine or creatinine clearance assays should be performed does not have a single definite response. Both tests have their intrinsic worth and should be used in the appropriate clinical setting.
